Introduction
New technologies such as differential global positioning systems (DGPS), yield monitors and other sensors, variable rate technology, and associated practices (such as grid soil sampling) have potential to improve soil fertility management. Soil sampling in the field is one of the most important sources of error in soil testing. A very small amount of soil needs to appropriately represent thousands of tons of soil and usually there is significant spatial variability of nutrient levels. The expectation of many producers and agronomists is that grid sampling will adequately describe field nutrient availability and that variable rate fertilization will result in better soil fertility management and increased profits to producers. Many also believe that variation in nutrient levels explains much of the yield variability within fields. Studies of the spatial variability of nutrient supplies, sampling methods, and relationships between nutrient levels and crop yields are essential to assess if these expectations are reasonable. Once reliable and cost-effective sampling schemes are identified, the agronomic and economic advantage of variable rate fertilization can be reasonably estimated from amounts of fertilizer applied, expected yield responses, and the costs involved.
The comparison of management practices on a field scale using replicated strip-plots is commonly used for complementing traditional research in small plots and for demonstrating new or improved practices. Treatments are applied to long strips replicated across the field and yields are normally measured with combines equipped with weighing devices or with weigh wagons. Precision farming technologies can be adapted to this type of on-farm comparisons for evaluating or demonstrating fertilization practices. Use of grid sampling and yield monitors would allow for more detailed evaluation of treatment differences for different parts of a field and for estimating the interactions between response to fertilization and other growth factors. Knowledge of variation in yield responses within and between fields should provide more useful information about the potential value of a new practice for production agriculture. This presentation summarizes results of studies of spatial variability of phosphorus (P) and potassium (K) in Iowa soils, grid soil sampling methods, relationships between soil P and K and crop yields, and of the use of precision agriculture technologies to compare fertilization practices on producers' fields.
Trials and Measurements
Many types of field-scale studies were conducted to achieve different (although related) objectives. In one type of study, no treatments were applied and the variability of soil nutrients and crop yields (com, soybeans) was described using various sampling methods for several fields. The main objective of these studies was to assess the spatial distribution of nutrients and yields and to study their relationships. Gridsampling methods were used in all instances and, in some fields, complementary samples were collected from intensively sampled transects. Crop yields were measured with yield monitors in most instances. In some fields, however, com yields were collected by hand from the same areas from which grid soil samples were collected.
In another type of study, treatments were applied to replicated long and narrow strips. The aspects studied included field methods and statistical analyses of the results. A grid soil sampling was conducted in all fields before applying the treatments, although the intensity of the sampling varied among fields . The treatments evaluated were fertilizer placements (starter, deep-banding), variable rate P fertilization (a control, a fixed rate, and a variable rate based on grid-sampled soi l-test data), and other management practices. Yields were measured with properly calibrated yield monitors. In many instances the yie ld monitor was checked by weighing each strip of the trial.
Results of grid sampling for P and K and of comparisons ofP fertilization treatments will be emphasized in this presentation. The data collected in these types of studies need to be presented in complex and colored maps (especially those showing crop yields) that cannot be printed in this type of proceedings. Thus, the soil test maps presented in the following section are only examples of the results. More complete information and maps will be shown during the oral presentation.
The Basis for Grid Soil Sampling
Conventional soil sampling methods may not be appropriate for precision farming technologies. One composite sample collected for an entire field or for major soil types within a field may not adequately represent large, apparently uniform areas of fields with long histories of cropping and fertilization. Grid sampling methods are based on the subdivision of a field into a systematic arrangement of small areas or cells (usually two to 5 acres) by superimposing a set of grid lines onto the field. Composite samples (usually made up of four to I 0 cores) are collected to represent either the entire area of each cell (gridcell sampling) or much smaller areas (grid-point sampling). The grid-point samples may be collected at the intersections of the grid lines, from the center of cells defined by the grid lines, or at random from some point within each cell. Soil-test values collected by grid sampling may be directly mapped or can be used for gridding (i. e., to create denser grids by interpolating values for nonmeasured locations between sampled points) using one of several interpolation methods. Most computer packages include several mapping options.
Grid soil sampling schemes, although more expensive than conventional sampling methods are potentially more useful because they are based on a more intensive sampling and because they describe nutrient availability for different parts of fields. The interpretation of the real impact of differences between sampling schemes and sampling intensities on soil fertility management is strongly dependent on the variability at each field, on the levels of nutrients found, and on the prescribed fertilization rates.
Variability of Phosphorus and Potassium in Iowa Soils
The results of sampling numerous corn and soybean fields show that the spatial variability of P and K in soils is complex and that variability patterns are different depending on the size of the area sampled. The causes for variability on a large scale are different from the causes of variability on a smaller scale. For example, factors such as soil types, landscape characteristics, previous crops, or proximity to feeding lots usually create variations in nutrient content over a scale of several acres. Other practices such as tillage, fertilization, and manure application also create large variability on a scale of a few feet or even inches. In some fields, the patterns of spatial variation tend to follow the distribution of soil types or other landscape characteristics. In most fields sampled, however, the variability ofP or K (and sometimes soil pH) often does not follow the distribution of soil types and the patterns differ among fields. This is especially the case in fields with a predominance of optimum or above-optimum soil test values. In numerous fields, the variability over many acres was similar to that observed over areas of a few hundred square feet. To complicate matters even more, variability patterns for P and K (and of other nutrients) often do not coincide. Periodic patterns of variation observed in some fields and high small-scale variability in most fields further suggest that much of the variability is created with equipment used to apply fertilizers or manure.
Attempts to find an optimum sampling scheme valid across fields (for example, distance between cells or grid-points and number of cores per sample) have been largely unsuccessful. There is no single optimum sampling scheme, optimum number of cells, or number of cores per sample across all fields. In many fields, commonly used grid sampling intensities and gridding techniques may still misrepresent the P and K availability of the fields. The use of grid-cell sampling with cells larger than about two acres usually does not represent P and K levels appropriately in many fields because the variation within those areas is as large as the variation over the entire field. Increasing the number of cores collected for each composite sample will not solve this problem. Moreover, the usefulness of these large grids is further compromised when they are laid out blindly over a field ignoring landscape characteristics. On the other hand, grid-point sampling is more likely to represent small areas appropriately (if at least 8 to 12 cores are collected per composite sample) and could also represent a field within acceptable margins of error when many points are sampled. This method is more reliable than grid-cell sampling to follow soil test values over time for specific areas of the fields. If too few points are sampled (to reduce sampling costs), however, the usefulness of this method also is compromised because interpolating and contouring a few sampled points does not represent variability appropriately either. The problem is that attempts to accurately represent soil-test values may not result in economic benefits for producers in many fields.
Interpretation of Soil Test Maps for Variable Rate Fertilization
The observation that economically feasible soil sampling procedures may not describe the variation in soil nutrient levels with as much detail as agronomists want is not new. Even traditionally recommended soil sampling methods have always compromised detail for economic feasibility. In spite of notorious deficiencies, however, soil testing has proved successful as a method in which to base fertilizer recommendations for P and K. This is not different for grid soil sampling schemes.
The impact of a certain variation in soil P and K and of differences between sampling methods on soil fertility management depends strongly on the nutrient levels found in relation to crop needs and on the fertilizer recommendations used.· Also, the potential economic benefit of grid sampling and of variable rate fertilization depend largely on the distribution of soil test values in a field, on expected responses to fertilization, and the additional costs.
Surveys show that approximately 70% of Iowa corn and soybean fields test optimum or above in P and K, and that approximately 50% of the fields test high or above. This shows that many producers apply higher fertilizer rates than those deemed necessary to maintain optimum soil test values. Thus, optimum or high test values usually predominate in Iowa fields independently of the soil sampling method used. Very high variability in a field with predominantly optimum or high values is likely to be irrelevant because the probability of obtaining yield responses is low in the optimum range and is virtually nil above optimum. It is possible, however, that fields that test optimum or high on average have large areas that test low and large areas that test very high. Intensive soil sampling of numerous fields (grid-point sampled cells ranging from 0.1 to 0.5 acres) showed that this was seldom the case on fields testing high and occurred in a few fields testing optimum. In most fields, low testing areas were a very low proportion of the area or corresponded to such small areas that are impossible or impractical to be managed separately.
The figures show examples of soil test maps based on intensive grid-point sampling compared with maps based on averages for large grids or averages for the soil mapping units in the field. Values were assigned to cells and no interpolation was applied. The data show that no general rule applies. In some instances, intensive grid sampling results in a more useful description of nutrient supplies. In many instances, however, sampling by soil type was as useful and it should make more sense for nutrients other than PorK because their variation would often follow landscape characteristics or soil mapping units. It is likely that a targeted (or "smart") grid sampling scheme which considers landscape characteristics or other field information is the best alternative. This procedure is flexible enough to adapt to different field characteristics and different intensities of sampling. Digitized soil maps, previous soil test data, yield maps, and aerial photographs (of bare soil and/or crop canopy) can be used to plan a sampling scheme.
There is little doubt that intensive grid soil sampling will lead to better management of soil fertility and, in theory, variable rate fertilization should result in more uniform distribution of soil test values over a field. This is likely to result in economic benefits when variation within a field is such that large proportions of the field test below and above optimum. Grid sampling (or any intensive sampling) may not result in economic benefits when most areas of a field test either below optimum or above optimum. Results of four variable-rate P fertilization trials with com and soybean (not shown) in fields that tested optimum or high on average confirmed the previous consideration. There was no advantage o.fvariable rate P fertilization (or even of uniform fertilization) in most fields because there was no response toP fertilization.
Given the likelihood of very small responsive areas in many Iowa fields, it is likely that any benefit of variable rate fertilization will be accomplished by savings in maintenance fertilization . Producers who will benefit from intensive grid sampling and variable rate fertilization are those who realize that most of their fields test above-optimum and do not need maintenance ferti lization until levels of some areas have decreased to the optimum range. Without grid sampling, uncertainty usually leads producers to apply a uniform high maintenance rate over the field when it may not be needed.
Use of Precision Agriculture Technologies for On-Farm Comparisons of Alternative Fertilization Practices
Results of numerous on-farm comparisons showed that precision agriculture technologies allowed for better and more complete evaluations of alternative fertilization practices compared with "weigh-wagon" trials. These are useful tools not only to conduct reliable on-farm research but to evaluate current recommendations. Data that will be shown in the presentation involved studies of com response to starter fertilization and to variable rate P fertilization. A minimum set of quality control procedures must be followed, however.
The quality control procedures, although not always required, are needed to eliminate or reduce errors due to DGPS error, wrong yield monitor calibration, and border effects of the treatments compared. The following points summarize some of the more relevant general guidelines. 1. Long strips and several replications across the field are needed to obtain reliable results. 2. The field strips should be marked with tape or measuring wheels. 3. The width of the strips should be such to have at least two combine passes in opposite directions for each treatment strip. 4. The yield monitor should be calibrated in the same field. 5. Each combine pass (or at least the combine passes for each treatment strip) need to be marked as a separate load with the yield monitor. 6. The spatial accuracy of the combine DGPS equipment needs to be checked by georeferencing several key positions in the field with a hand-held DGPS receiver and cross checking those points with distances measured with tapes. 7. The yield data must be carefully examined and corrected for errors. The most common error relating to use of DGPS is wrongly georeferenced yield points (because of loss of signal or other reasons). The most common errors relating to use of yield monitors (assuming a proper calibration) are errors due to field borders, waterways or grass strips, and changes of the width of the harvested swath (a common problem with drilled soybeans).
From a data analysis point of view, this methodology also allows for better estimates of treatment effects because commonly used analyses of variance can be corrected for spatial correlation. Discussion of this methodology lies beyond the scope ofthis presentation. But briefly, the results of numerous studies show that use of near neighbor analysis techniques or modeling of spatial correlations of yield data increases markedly the capability of commonly used statistical methods for estimating differences between treatments. In addition, the study of treatment differences for different parts of the field having different soil test values or different soil types is useful to assess the influence of soil chemical and physical properties on the practices evaluated.
The results of these strip comparisons are useful not only to compare alternative fertilization practices but also to show that yield variability most often is not directly related to soil fertility. This is difficult to prove in studies that address variation in crops yields and soil-test values without applying a fertilization treatment. For example, in the strip trials mentioned above, little yield variability was explained by the starter or the P applications. Obviously, many factors influence crop yields and their impact on yields is proportionally greater in fields that test mostly above optimum in P and K. It is necessary to emphasize that valid conclusions concerning differences between treatments applied to strips are possible only when treatments are replicated across the field, independently of the length of the strip used.
Conclusions and Recommendations
Variability ofP and K is field-specific and, ideally, each field should be sampled and fertilized differently. Informed decisions on soil sampling and variable rate fertilization require knowledge of each field. Unfortunately, the optimum scheme and the merits of variable rate fertilization can be reasonably estimated only after conducting an intensive and perhaps expensive preliminary sampling for the fields in question. On the other hand, producers could use several tools to improve traditional "sampling by soil map unit" methods and conduct a more intensive but still cost-effective sampling. Previous soil-test data, yield maps, aerial photographs, and field histories can be used to target specific areas for grid sampling. The targeted areas can be sampled over time to check the effects of cropping and fertilization on soil test values. This approach is also compatible with the fact that soils are sampled not only for P and K but also for other nutrients and for purposes other than fertilization (herbicide management, for example).
A "targeted" grid-sampling procedure that takes in consideration landscape characteristics is likely to improve fertilizer management greatly. This approach is also more likely to increase economic benefits to producers and to fully exploit new precision farming technologies. Important factors that will determine the cost-effectiveness of these new techniques for different producers and fields are the variation in nutrient levels in relation to amounts required by crops, the proportion of the field that needs fertilization, expected yield responses to fertilization, and the additional costs involved.
The results show that the variability for P and K in many Iowa fields is created by management practices (mostly fertilizer and manure applications). Thus, producers interested in precision agriculture methods and in improving nutrient management of their fields should pay more attention to uniform application of fertilizers and manure.
Precision agriculture technologies can also be used to evaluate and demonstrate alternative fertilization practices on the basis of on-farm strip trials. These are useful tools to adjust recommendations for local conditions. Moreover, the variability usually observed within fields together with within-field replication of the treatments can be used to study the interactions of fertilization with other growth factors. This possibility does not preclude, however, the need for replicating the comparisons in many fields and years to include a variety of growing conditions. . Distribution of soil-test P and K values estimated by three soil sampling methods for a field in western Iowa that tested optimum in P and very high in K on average and had several soil mapping units.
